is paper presents the theoretical and experimental investigations of the hydraulic conductivity variation of the soil mixture that contains two distinct particle size distributions, coarse and fine soils. A new model for the hydraulic conductivity is introduced that focuses on the relationship between the coarse-fine soil mixing ratio and the hydraulic conductivity of the mixture. For the model verification, permeability tests were conducted. e glass beads and quality-controlled standard sand and soils obtained from fields were used for the specimen. e experiment results showed that the hydraulic conductivity of the soil mixture strongly depends on the mixing ratio. As the amount of the coarse soil contained in the fine soil increased, the hydraulic conductivity of the mixture decreased from that for the fine soil until the critical mixing ratio. is ratio is defined as the fine soils perfectly fill the voids between the coarse soils without remains. When the ratio is greater than the critical mixing ratio, the hydraulic conductivity is drastically increased with the mixing ratio up to that of the coarse soil. e comparison between the computed values and the test results shows that the introduced model successfully describes the measurements.
Introduction
e hydraulic conductivity of soil is important in geotechnical projects related to the determination of seepage, stability analyses, and settlement prediction. Many researchers have found that the hydraulic conductivity of soil is affected by many factors such as density, water contents, degree of saturation, void ratio, grain size distribution, and particle structure. Some examples are Hazen [1] , Kozeny [2] , Carman [3, 4] , Burmister [5] , Lambe [6] , Olson [7] , Mitchell et al. [8] , Horn [9] , Garcia-Bengochea et al. [10] , Hauser [11] , and Wang and Huang [12] , to name a few.
A frequently cited theoretical model was suggested by Kozeny [2] and Carman [3, 4] . Kozeny [2] developed the model using analogy to pipe flow and flow in capillaries. Carman [3, 4] verified the Kozeny equation. He considered the water move around irregularly shaped particles, introduced the hydraulic radius concept, and used the wetted surface area per unit volume of particles, S 0 . e KozenyCarman equation has taken several forms including the following one:
where k is the hydraulic conductivity, C s is a coefficient of the shape and tortuosity of channels, μ is the viscosity, c w is the density of water, S is the degree of saturation, R is the hydraulic radius, and n is the porosity. e hydraulic radius can be computed by
where V w is the volume of water, V s is the volume of solid, and e is the void ratio. As noted by Chapuis and Aubertin [13] , the Kozeny-Carman equation is not frequently used in practice due to the difficulty in determination of S 0 . Several methods can be used to measure the specific surface of the soil particles to evaluate S 0 but they are not commonly used in soil mechanics and hydrogeology [13] . Freeze and Cherry [14] present the Kozeny-Carman equation with d m instead of S 0 in (2) . is d m is called a representative grain size without any indication of how to calculate this equivalent diameter.
In the various models, the tortuosity is considered as an important factor. e tortuosity is used to describe the difference between the actual distance traveled by fluids and the macroscopic travel distance, owing to the sinuosity and interconnectivity of pore spaces [4, 15, 16] . In general, tortuosity depends on various factors including the shape, size, type of grains, pores, and grain size distribution [16] . Accordingly, there is ambiguity associated with the derivation of the actual distance traveled by fluids [17] . Many researchers have made an effort to find a simple relationship between the tortuosity and the porosity [18] [19] [20] [21] [22] . Among the proposed relations describing the relationship tortuosity (τ) versus n, τ � n −m is the most frequently used, where m is a value in the range of approximately 0.4 to 0.5 [19] .
Experimental and empirical methods have also been employed to make the better prediction [1, [23] [24] [25] . Considering the relationships between the grain size and the hydraulic conductivity, Hazen [1] reported that the hydraulic conductivity of granular soils with uniform particles is proportional to the square of the effective particle size, D 10 [1]. Burmister [5] reported that the range of the grain size, shape of the gradation curve, and D 10 should be considered. Chen et al. [26] found that the hydraulic conductivity is strongly related to the median diameter D 50 . Boadu [27] proposed the multivariate regression model to overcome the difficulty in the previous models. However, if soils are artificially mixed and compacted with selected particle sizes, those conductivity models for natural soils composed with various particle sizes are limited.
In practice, the binary mixtures such as compacted sandclay mixtures are often used as blankets or liners to form seepage barriers against fluids, including leachates from disposal facilities [28] . In this type of binary mixture, fine soils provide impermeability and coarse soils provide constructability, compaction efficiency, and better deformation control. e characteristics of binary granular mixtures were investigated by many researchers [29] [30] [31] [32] [33] [34] . Fragaszy et al. [29] proposed a theoretical method to evaluate the effects of oversized particles in the clean granular soils, but they emphasized the effects on the density of soil mixture rather than on the hydraulic conductivity. Shakoor and Cook [30] compacted mixtures of poorly plastic soils with gravel by varying percentages of gravel. ey found that the hydraulic conductivity was slightly increased when the gravel percentage was less than 50% and a significant increase for higher percentages. Marion [31] also found that the effects of the fraction of fine-grained soils on the hydraulic conductivity of the soil mixtures were complex based on the measured permeability of the soil mixture. Shelley and Daniel [32] investigated the influence of the percentage of gravel on the hydraulic conductivity of kaolinite and of mine spoil. ey found that the hydraulic conductivity increased significantly with percentages of gravel higher than 60%. Koltermann and Gorelick [33] proposed the hydraulic conductivity model for the binary granular mixture. ey modified the ideal packing model concept by introducing a weighting coefficient that reflects the relative proportions of coarse and fine packing. Kamann et al. [34] proposed the hydraulic conductivity model for poorly sorted sands and gravely sands by expanding the model proposed by Koltermann and Gorelick [33] . e objective of this paper is to introduce a new simple model that describes the variations of hydraulic conductivity and dry density of the binary soil mixture that contains two distinct particle sizes, coarse and fine soils. Note that coarse and fine soils are defined by their relative particle sizes in the mixture. For example, sand is regarded as the fine soil in the gravel-sand mixture but is regarded as the coarse soil in the sand-silt mixture. e hydraulic conductivity variation is theoretically analyzed with respect to the coarse soil mixing ratio.
e permeability test results are presented for the model verification. e mixtures of glass beads-Joomunjin sand, Joomunjin sand-kaolinite, and Gwanak granite soilSongdo silty clay were used for the model verification tests.
Existing models use many variables to estimate the hydraulic conductivity such as void ratio, particle size distribution, temperature, chemical components of soil, and viscosity of fluid. e introduced model herein focuses on the relationship between the mixing ratio and the hydraulic conductivity of the mixture, so the mixing ratio is the only variable. e average porosity and the hydraulic conductivities of the pure coarse soil and pure fine soil are used as given parameters.
Two-Particle Model for Hydraulic Conductivity
Fluid flow through soils finer than coarse gravel is laminar, and the hydraulic conductivity equations were derived from Poiseuille's law for flow through a round capillary [35] . Based on this, the starting point for the new derivation is the KozenyCarman equation (1), and this can be simplified as follows:
where A is a constant defined as A � C s (c w /μ)S and the converted porosity n * for the hydraulic conductivity prediction is defined as n * � R 2 n. Figure 1 shows three possible cases when the two different particle size soils are mixed. Note that the subscripts c and f indicate the index for the pure coarse soil and the pure fine soil, respectively. For example, the model parameters n c and n f are the porosities of the pure coarse soil and the pure fine soil, respectively. e hydraulic conductivities of k c and k f are expressed as
For the sake of simplicity, the void ratios of the unmixed soil, e 0 , are assumed to be the same (i.e., e c � e f � e 0 ), and the average value is employed for the model derivation. Accordingly, n c and n f are also assumed to be identical, and their average value is employed. e specific gravities of the unmixed soils are also presumed to be identical. e limitation caused by these assumptions will be discussed during the model verification. Although the porosities of the unmixed soils are assumed to be the same, k c is greater than k f , owing to that the water conveyance area of the coarse soil is greater than that of the fine soil. To simplify the relationship more, the hydraulic conductivity correction factor α is employed and is defined as
Note that k c and k f are the given parameters for this suggested model, so the correction factor α is also known. In the following sections, the hydraulic conductivity of the soil mixture will be expressed with α and the coarse soil mixing ratio, x.
Converted Porosity for Low Coarse Soil Mixing
Ratio.
e weight ratio of coarse soil to fine soil can be expressed as Weight of coarse soil : weight of fine soil � x : (1 − x).
(6)
Low coarse soil mixing ratio
Critical mixing ratio
High coarse soil mixing ratio e weight fraction of each soil is given by the following equation using the void ratio, specific gravity, and volume
where G s is the specific gravity of the soils, e is the void ratio, c w is the density of water, and V 1 and V 2 are the volumes shown in Figure 1 . As previously noted, the subscripts c and f indicate the index for the pure coarse soil and the pure fine soil, respectively. Recall that for the sake of simplicity, the average void ratio of the unmixed coarse soil and the unmixed fine soil, e 0 , is used, and the average specific gravity of the two soils, G s , is taken. By solving (7) and (8) with respect to the volume, V 1 and V 2 are expressed as
Hence, the porosity of the soil mixture n mix is
As shown in Figure 1 (a), the voids between the coarse soil particles are filled up with the fine soil. Hence, the water conveyance area in V 1 is governed only by the fine soil, so the hydraulic radius is not a variable but a constant equal to R f . erefore, for the low coarse soil mixing ratio, n mix is the only variable in determination of the hydraulic conductivity of the soil mixture. By plugging (9) and (10) into (11), the following equation is obtained:
Hence, the converted porosity can be obtained from the following equation:
Converted Porosity at the Critical Mixing Ratio.
In this paper, the critical mixing ratio is defined as the fine soil perfectly fills the void between the coarse soil particles without remains, as shown in Figure 1 (b). In this case, V 2 is unable to discriminate from V 1 and the water conveyance area is governed by the fine soils, so the porosity is expressed as
e converted porosity can be evaluated as
e critical mixing ratio can be obtained by computing the ratio that makes (10) equal to zero. Hence, the weight fraction of the coarse soil at the critical mixing ratio, x cr , is
Converted Porosity for High Coarse Soil Mixing
Ratio. When the weight fraction of the coarse soil is high as shown in Figure 1 (c), the voids in V 2 are not filled up with the fine soil. In this case, the weight fraction of each soil is
By solving (17) and (18) with respect to the volume, V 1 and V 2 are expressed as
e porosity of the soil mixture n mix is the same as (11) and can be simplified as follows:
e water conveyance area in V 2 would be the same as that of the unmixed coarse soil. Accordingly, the hydraulic conductivity in V 2 should be the same as that of the unmixed coarse soil, k c . To consider this, the correction factor α is employed as expressed in (5) . e converted porosity for the hydraulic conductivity of the soil mixture is
By plugging (19) and (20) into (22), the converted porosity for the hydraulic conductivity prediction is
Hydraulic Conductivity and Dry Density Variation with the Mixing
Ratio. e hydraulic conductivity of the soil mixture, k mix , can be evaluated by (3) . As previously noted, the aim of the introduced model herein is to describe the hydraulic conductivity variation with the mixing ratio when k c and k f are given. Hence, the only variable of the model is the weight fraction of the coarse soil, that is, the coarse soil mixing ratio x. e k mix is a piecewise function depending on the mixing ratio, and it is expressed as 4
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where AR 2 f can be evaluated from either k c or k f using the following equation:
e dry density variation with the mixing ratio can also be calculated based on the derived porosity. e void ratio is a piecewise function depending on the mixing ratio, and it is expressed as
Using the derived void ratio equations, the dry density can be expressed as
Figures 2(a)-2(c) present the variation of the void ratio, the dry density, and the computed hydraulic conductivity, respectively. e void ratio of the mixture has a V-shaped curve with the minimum at the critical mixing ratio. e dry density increases with the mixing ratio and then starts decreasing at the critical mixing ratio. Until reaching the Advances in Civil Engineeringcritical mixing ratio, the hydraulic conductivity slightly decreases with the increasing mixing ratio which is then drastically increased to k c . is model response has significant implication that the coarse-ne soil mixture with the critical mixing ratio shows more impervious response than the pure ne soil. To verify these responses of the model, experiments were conducted.
Evaluation of the Model against Experiment Data

Experiments. To verify the model, comparison between
the predicted values from the introduced model herein and the measurements is made. e materials to make the soil mixture are glass beads, Joomunjin standard sand (J-sand), kaolinite, Gwanak granite soil (G-soil), and Songdo silty Clay (S-soil). Figure 3 presents the particle size distribution curves of each soil. With those soils, three mixtures were made. e rst experiments were conducted on the mixture of glass beads and J-sand, the quality-controlled materials. Accordingly, the particle sizes of these materials were very uniform as shown in Figure 3 , so unintended particle sizes were not possibly included in the mixture. e mixture of J-sand and kaolinite was employed to evaluate the hydraulic conductivity variation of soils, not including the manufactured product. As shown in Figure 3 , the particle size of kaolinite is not as uniform as that of J-sand. Consequently, the particle sizes of this mixture are slightly more various than that of the mixture of glass beads and J-sand. e natural soils, G-soil and S-soil, were obtained from Gwanak Mountain in Seoul and Songdo in Incheon, respectively. Due to the inherent variability of the natural soil, each soil contains various particle sizes although their dominant particle sizes are greatly di erent. With this natural soil mixture, the applicability of the introduced model to the natural soil is checked. ree combinations of coarse and ne soils were mixed with the various coarse soil mixing ratios and were compacted with optimized moisture content (OMC). ereafter, the hydraulic conductivity tests were conducted. For the mixture of glass beads and J-sand, constant head permeability tests were performed with the specimen whose diameter and height were 10 cm and 12.8 cm, respectively. e hydraulic head was 60 cm. e variable head permeability tests were conducted on the J-sand and kaolinite mixture and the G-soil and S-soil mixture. e diameter and the height of the specimens were 6.2 cm and 7 cm, respectively.
Glass Bead and J-Sand Mixture.
Glass beads and J-sand were used to evaluate the hydraulic conductivity of the mixture. In this case, glass beads and J-sand represent the coarse and ne soils, respectively. e mixture was compacted, and constant head permeability tests were conducted with the various glass bead mixing ratios of 0%, 20%, 30%, 50%, 70%, 80%, 90%, and 100%. Note that the model was derived assuming that the void ratios of each pure soil are the same, and their average value was employed as a parameter.
In this experiment, 0.72 was the average of e c and e f , and it showed very good agreement with a series of measurement data as shown in Figure 4 (a). e average speci c gravity of J-sand and glass beads, 2.62, was used for the computation.
e di erence between the speci c gravities of the two is small, so the possible error caused by this is neglected. As shown in Figure 4 (b), the measured dry density follows the trend of the measurements. Figure 5 shows the hydraulic conductivity variation with the glass bead mixing ratio. Both the computed and the measured hydraulic conductivities of the mixture strongly depend on the mixing ratio. e value of k mix slightly decreases with the increasing mixing ratio until the critical ratio; thereafter, k mix is drastically increased to the value of k c . Considering the unintended size particles that are possibly contained in J-sand, the prediction from the introduced model well describes the measured values.
J-Sand and Kaolinite Mixture.
e soil mixture of J-sand and kaolinite was used for the introduced model veri cation. In this case, J-sand represents the coarse soil. As listed in Table 1 , the G s values of the two soils are practically identical. Hence, the di erence is neglected, and the value of 2.64 is employed for the computation. e mixture was compacted, and variable head permeability tests were conducted with the Advances in Civil Engineeringvarious J-sand mixing ratios of 0%, 10%, 30%, 50%, 70%, 75%, 80%, 90%, and 100%. Figures 6(a) and 6(b) compare the measured and predicted values of the void ratio and dry density, respectively. As previously noted, the model is derived assuming that the respective void ratios of the pure coarse and ne soils are the same, and the average void ratio of the two soil is used as a parameter. In this prediction, the average void ratio of 0.72 was used. As shown in Figures 6(a) and 6(b) , the prediction curves show very good agreement with the measurements. e introduced prediction equation decently describes the measurement data considering the inherent variability of the soils. Figure 7 (a) shows the hydraulic conductivity variation of the soil mixture. Both the computed and measured hydraulic conductivities of the soil mixture strongly depend on the mixing ratio. To clearly see the k mix variation, semilog plot is presented in Figure 7 (b). e value of k mix slightly decreases with the increasing mixing ratio until the critical ratio; thereafter, k mix is dramatically increased to the value of k c . In this case, the computed critical mixing ratio was 70.5%. As shown in the gure, the values computed from the introduced model have a good agreement with the measurements until the critical mixing ratio; thereafter, the model overestimates but follows the trend of 
G-Soil and S-Soil
Mixture. e previous two experiments for the model veri cation were conducted with the glass beads and the quality-controlled soils, so they have relatively less variability than for natural soil samples. To check the applicability of the introduced model to natural soils, the experiments were conducted with the natural soil samples of Gwanak granite soil (G-soil) and Songdo silty clay (S-soil). Comparison with the existing empirical model suggested by Hazen [1] is also made. Based on the index properties, the G-soil and S-soil are classi ed as SP and ML by the Uni ed Soil Classi cation System (USCS), respectively. G-soil is regarded as the coarse soil in this veri cation. e mixture of G-soil and S-soil was maximally compacted, and variable head permeability tests were conducted with the various G-soil mixing ratios of 0%, 20%, 40%, 60%, 70%, 75%, 90%, and 100%. Figure 8 (a) shows the void ratio prediction curves based on the introduced model and the measurements. In this veri cation experiment, the average void ratio of the two soils, 0.56, is used. e dry density prediction curve shown in Figure 8 (b) well describes the trend of the test results although the natural soil mixture contains more widely distributed particle sizes, as shown in Figure 3 . Figure 9 presents the computed particle size distribution curve of the G-soil and S-soil mixture based on that of each soil. e G-soil mixing ratio is noted on each curve. From these curves, the D 10 value, the grain size diameter at which 10% by weight of the soil particles are ner, is 
For k in cm/s and D 10 in mm, the coe cient C in (30) is equal to 1.0. Figure 10 (a) presents the hydraulic conductivities of the soil mixture that strongly depend on the mixing ratio are the same as those of the other two soil mixtures. e predicted k mix with the introduced model in this study slightly decreases with the increasing G-soil mixing ratio until the critical mixing ratio and then drastically increases. is prediction follows the trend of the measurements. e predicted k mix with the suggested equation by Hazen [1] slightly increases until 90% of the G-soil mixing ratio and then drastically increases. Note that the Hazen equation is solely a function of D 10 , and this increases with the coarse soil mixing ratio. Hence, it cannot describe the decreasing response of the measurements.
To clearly see the k mix variation, semilog plot is presented in Figure 10(b) . As shown in the gure, the prediction by the introduced model slightly overestimates the measured hydraulic conductivities. e measured k mix is decreased up to approximately 80% of the G-soil mixing ratio, but the computed critical mixing ratio is 73.6%. Presumably, the soil particles with various sizes inevitably contained in the natural soil mixture reduced the water conveyance area, so this caused the di erence between the prediction with the introduced model and measurements. For the empirical model suggested by Hazen [1] , it is clearly found that the predicted k mix cannot describe the decreasing response of the measurement before the critical mixing ratio.
Both the predicted values by the introduced model and the experiment results show that the hydraulic conductivity of the coarse-ne soil mixture with the critical mixing ratio is lower than that of the pure ne soil. erefore, in case of designing and constructing the core of the earth dam, blankets or liners of the land ll, the coarse-ne mixture with the critical mixing ratio would form better seepage barriers against uids than the pure ne soil. As one can expect, this mixture has the better constructability than the pure ne soil, as well.
Conclusions
To analyze the hydraulic conductivity variation of the coarse and ne soil mixture, a new model that takes into account two distinct particle size distributions was introduced. e porosity, the dry density, and the hydraulic conductivity of the soil mixture were theoretically estimated with respect to the mixing ratio. e new model is developed based on this porosity and needs the respective hydraulic conductivities of coarse and ne soils as the parameters. To verify the model, laboratory-scale permeability tests were conducted, and the results showed that the introduced model in this paper successfully describes the hydraulic conductivity variation of the soil mixture.
Both the predicted values by the introduced model and the experiment results show that the hydraulic conductivity of the coarse-ne soil mixture strongly depends on the mixing ratio. It is slightly decreased with the increasing mixing ratio until the critical mixing ratio, and thereafter, it is drastically increased. At the critical mixing ratio, the coarse-ne mixture has the lowest hydraulic conductivity.
Based on the introduced model response and the observations, it can be inferred that the coarse-ne soil mixture with the critical mixing ratio is more e ective than solely employing the ne soil when designing and constructing the impervious layers such as the core of the earth dam, blankets or liners of the land ll. However, the proper soil size for these practical usages has not been studied herein. 
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